There are many ways of studying forest responses to global change. Most current national and international programs focus on net gas exchange of the terrestrial biosphere and are typically interdisciplinary, multi-scale projects. Key objectives of these programs are surprisingly similar to those of classical plant ecophysiology studies, i.e., to explore functional relationships of plant or plant community responses to environmental change. Thus, common research questions that link plant ecophysiology to ecosystem functioning can be identified for both research communities, promising complementarity and synergism for joint research projects. Although some well-established ecophysiological relationships, such as light responses or stomatal limitations of photosynthetic gas exchange, are currently employed in many ecosystem-scale net flux studies for gap-filling or modeling, only 14% (n = 27) of all eddy covariance flux studies in forests (n = 196; published between 1992 and April 2002) include plant ecophysiological measurements (n = 24) or biomass and growth estimates (n = 8). Generally, emphasis is on CO 2 exchange measurements at various scales (foliage, shoots, branches; n = 14) and water relations measurements (n = 11). These measurements do not fully support the typical parameterization of stand and regional models, which often need information on canopy architecture and nitrogen nutrition. By means of a complementary research approach, valuable information can be acquired that is unobtainable by means of a single approach. This additional information is important for the identification of underlying biotic and environmental drivers, for the regulation of net ecosystem fluxes and their partitioning, and the independent validation of measured net ecosystem fluxes. Thus, combining micrometeorology and ecophysiology at flux sites is strongly recommended for ecosystem functioning studies.
Terrestrial biosphere and global change
Global change is generally defined as climate change combined with land use change, i.e., changes in atmospheric trace gas concentrations, changes in air temperatures, precipitation patterns and absolute rain amounts combined with deforestation, urbanization and changes in agriculture or forestry (IPCC 2001) . When Charles David Keeling started measuring atmospheric carbon dioxide concentrations ([CO 2 ]) in 1958 at Ha-waii, atmospheric background values were below 320 ppm (Keeling 1958 (Keeling , 1961 , and the strong biospheric impact on the atmosphere was still unknown. The current atmospheric [CO 2 ], which averages about 365 ppm (Conway and Tans 1999) , is subject to seasonal and hemispheric variations attributable to differences in biospheric gas exchange. Seasonal variation in the largely ocean-covered Southern hemisphere is less than that over the land-dominated Northern hemisphere, with maximum concentrations occurring in winter, when respiratory activity exceeds photosynthetic carbon assimilation (Conway and Tans 1999) . The recent, overall steep increase in atmospheric [CO 2 ], as revealed by ice core analyses (Petit et al. 1999 , Falkowski et al. 2000 , is unprecedented in the last 400,000 years. Measurements of O 2 /N 2 ratios indicate that the ongoing increase in [CO 2 ] is a result of anthropogenic combustion processes, which are causing atmospheric O 2 concentrations to decrease over time (Keeling et al. 1996) . The increase in the concentrations of CO 2 and other trace gases (e.g., CH 4 , N 2 O, CFCs, HCFCs) have the potential to bring about profound changes in Earth's climate, leading, for example, to a continuation of the increase in land surface temperatures observed over the last 25 years (IPCC 2001) . Major effects of global change on the marine and terrestrial biospheres have already been demonstrated (Schimel et al. 2001) . Thus, understanding the net exchange of carbon and water between terrestrial ecosystems and the atmosphere is critical for assessing the various aspects of global change and its effect on the biosphere (IPCC 2001) . In addition, the global loss of biodiversity during recent decades raises concern about the functional integrity of ecosystems (Heywood and Watson 1995 , Daily 1997 , Loreau et al. 2001 . The possibility exists, therefore, that we will encounter major threats to ecosystem functioning and stability, and the possible loss of important ecosystem services for society (Costanza et al. 1997 , Daily et al. 2000 .
Current changes in global climate, land use and land cover, and therefore the presence and distribution of carbon sinks and sources acquired a political dimension in 1997 when the Kyoto Protocol to the United Nations Framework Convention on Climate Change was adopted at the third session of the Conference of the Parties to the Convention (Kyoto Protocol 1997). Since then, efforts have increased to learn more about marine and terrestrial ecosystem responses to a changing environment, and about carbon sequestration and the potential changes in ocean and biospheric carbon storage in a changing climate (Walker and Steffen 1996 , IPCC 2001 , Gill et al. 2002 . Study of the responses of ecosystems to global change and the modeling of future carbon budgets requires: (1) determination of past and current carbon budgets at different spatial scales; (2) partitioning of these overall budgets into their components; and (3) elucidation of the mechanisms underlying the observed changes in carbon budgets.
In this review, I focus on forest ecosystems, although the general principles can be applied to other ecosystems. Understanding the response of forests to global change is particularly crucial because forests cover about 28% of the land surface and store about 46% of the carbon in the terrestrial biosphere, both above and below ground (WBGU 1998) . Deforestation with subsequent soil degradation, conversion to grasslands and intensive forest management have altered forest carbon stocks in the past and will change forest contributions to the global carbon balance even further, with different main driving factors (e.g., changing land use, fire prevention, afforestation, nitrogen deposition) in different countries (Schimel et al. 2001) . Particular challenges arise when working with forests because of their size and complexity, and their many uses by society. Thus, aiming to understand forest response to global change demands an array of approaches and measurements at various spatial and temporal scales at different organizational levels.
Research approaches
How can we study canopy or forest responses to global change? Many options are available, ranging from observational to experimental approaches, from short-term process studies to long-term monitoring programs ( Figure 1 ). Approaches differ in the complexity of the objects of study and the ability of the investigator to control environmental conditions. Although research along continental or regional transects encompasses systems of high complexity, such studies allow little control over environmental conditions (e.g., IGBP or EU transects; Walker and Steffen 1996, Schulze 2000) . In contrast, studies in open-top chambers (OTC) or greenhouses allow precise control of environmental conditions, but the complexity of the objects of study is relatively low (for research on elevated [CO 2 ], see Luo and Mooney 1999, DeLucia et al. 1999) . Thus, the selection of a suitable approach in a particular case depends on the research objectives. Ultimately, however, interdisciplinary research networks having the ability to cross many spatial and temporal scales, that consider different trophic or organizational levels or that take long-term history of sites into account, will provide the most comprehensive estimates and explanations of the complex and long-term responses of forests to changing climate. Current initiatives, such as the Long Term Ecological Research network (LTER; http://lternet.edu), the International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP; http://www.icp-forests.org) or networks like Fluxnet (http://public.ornl.gov/fluxnet) or others within GCTE (http://www.gcte.org) already take advantage of the synergy arising from such cooperative actions.
Ideally, many different disciplines, ranging from soil science and microbiology to plant ecophysiology and ecosystem ecology to meteorology and atmospheric chemistry, should be involved and combined with remote sensing applications, modeling efforts and applied disciplines such as forest management and global economics. Thus, finding a common language and a general conceptual framework will be continuing challenges demanding the adaptation of methods and the development of truly interdisciplinary experimental designs. Successful examples, such as the past BOREAS project (http:// www.eosdis.ornl.gov/BOREAS/bhs/BOREAS_Home.html) and the ongoing CarboEurope cluster (http://www.bgc.mpg. de/public/carboeur), show that ambitious goals can be met through an interdisciplinary approach. Focusing on forests leads to a list of common issues and processes among disciplines that are relevant to the overarching question of how forests respond to global climate change. These include CO 2 , H 2 O, and energy budgets; the effect of the environment on those budgets; plant life cycles, canopy/community/stand development, biotic interactions; natural biotic and abiotic disturbances; and human impacts.
Role of plant physiological ecology
What has been the role of ecophysiological research in elucidating the responses of plant communities to changing environments? Plant physiological ecology has developed over the last hundred years, from its origins in descriptive plant geography to an independent discipline of experimental functional ecology of plants and communities (Lange et al. 1981 , Jahn 2000 . Whereas the most prominent exponents of plant geography, Willdenow, von Humboldt, de Candolle and Grisebach, mainly described vegetation composition and distribution around the world, experimental studies were added by Stahl, Kerner von Marilaun, Warming and Schimper, along with physiological, histological and climatological aspects (Figure 2; Buchmann 2002) . By the beginning of the 20th century, plant ecophysiologists carried out field experiments, first on plant water relations, then on photosynthesis and plant ad- aptations to the environment. By the 1980s, the development of new methods and equipment allowed for the determination of functional relationships and the development of models that describe the underlying physiological mechanisms of plant responses to changing environments (e.g., Lambers et al. 1998) .
Does plant ecophysiology still play an important role in assessing the response of forests to global change at larger spatial and temporal scales? Many of the experimentally determined functional relationships (e.g., light response and stomatal limitation of leaf gas exchange, temperature dependence of respiration) are used in global change research, although for many flux sites detailed ecophysiological information is often lacking (Buchmann and Schulze 1999) . For example, studies using the eddy covariance technique to estimate net ecosystem CO 2 exchange (NEE) rely on the relationships between abiotic factors and the physiological responses of plants to explain composite net ecosystem fluxes, and for filling gaps in these data sets (e.g., during station maintenance or power outages; see Falge et al. 2001a Falge et al. , 2001b . Net ecosystem CO 2 exchange is the small difference between two large CO 2 fluxes from and into an ecosystem, i.e., respiratory losses from plants and soils versus gross CO 2 fixation during plant photosynthesis. When examining temporal variations, nighttime net ecosystem fluxes are often related to air temperature, whereas daytime fluxes are fitted to photosynthetically active radiation (e.g., Ruimy et al. 1995 , Baldocchi and Meyers 1998 , Hadley and Schedlbauer 2002 . When examining ecosystem water relations, NEE fluxes are related to water vapor deficits (e.g., Arneth et al. 1998 ) using classical ecophysiological dependencies of plant gas exchange (Lambers et al. 1998 (Table 1) .
Moreover, classical functional relationships are incorporated both in physiological models and in biogeochemical ecosystem models and dynamic global vegetation models (e.g., Running and Gower 1991 , Prentice et al. 1992 , Melillo et al. 1993 . They are also incorporated in the fully coupled ocean-land global circulation models that are currently used to identify the location and to quantify the magnitude and the variability of terrestrial carbon sinks and sources (Cox et al. 2000 , Friedlingstein et al. 2001 , Pacala et al. 2001 . Discrepancies among model outputs often indicate differences in parameterization or secondary effects of underlying biogeochemical or ecophysiological processes, and may lead to entirely different modeled behaviors of entire regions (Kicklighter et al. 1999a (Kicklighter et al. , 1999b . For example, in the fully coupled carbon model of Cox et al. (2000) , the Amazon basin dries out in response to enhanced atmospheric [CO 2 ], leading to a pronounced shift from a global C sink to a C source in the year 2100 because of dieback of the tropical forest. In contrast, the Amazon basin stays relatively wet in the model of Friedlingstein et al. (2001) , resulting in a global C sink in 2100.
Linking plant ecophysiology and ecosystem functioning
Because many aspects of plant ecophysiology and ecosystem functioning are complementary (see Table 1 ), linking the disciplines may be productive in efforts to unravel the complex responses of forest ecosystems to global change. A literature search of the Web of Science and Current Contents using the keywords "eddy covariance," "eddy correlation" and "forest" resulted in 196 hits (in April 2002) . Only 24 of these papers, published between 1992 and April 2002, give information on measured ecophysiological parameters. An additional three papers provide biomass or growth estimates for the stands where net ecosystem CO 2 or H 2 O fluxes were determined. Ecophysiological processes measured most often included CO 2 exchange (assimilation, respiration) of foliage, shoots or branches (14 out of 24), transpiration (5 out of 24), or sap flow (8 out of 24). Stand architecture and nutrient status of the ecosystem were rarely investigated. This finding contrasts with the typical ecophysiological parameterization used in big-leaf or multi-layer stand models (e.g., Law et al. 2000 , Baldocchi and Wilson 2001 , Reichstein et al. 2002 . Except for the Lagrangian and scalar flux models, most ecosystem models use empirical relationships based on biochemical or environmental parameters to estimate ecosystem net CO 2 and H 2 O fluxes at various time scales. Thus, climatic or meteorological variables, e.g., air and soil temperatures, relative humidity or vapor pressure deficit, photosynthetically active radiation, net radiation, or soil moisture, are among the most important driving factors to model net ecosystem gas exchange. Nitrogen concentrations are often used in models to fine-tune foliage gas exchange, whereas canopy architecture, particularly leaf area index, is often used to scale up leaf-scale gas exchange rates to the canopy scale. Rarely are shoot architecture, tree hydraulics and other nutrient concentrations considered when modeling net ecosystem gas exchange.
The objectives in these 24 studies that combine micrometeorological with ecophysiological measurements, included: (1) identifying mechanisms regulating the forest carbon budget; (2) investigating controls on the ecosystem water fluxes; (3) determining the contributions of component fluxes to total net ecosystem flux; and (4) developing scaling rules to validate net ecosystem fluxes using independent measurements.
Identifying driving factors and understanding the regulation of ecosystem CO 2 and water fluxes is the major emphasis of studies that use both micrometeorological and ecophysiological approaches. Relating net ecosystem CO 2 fluxes to the classical abiotic drivers for photosynthesis and respiration, radiation and temperature, is a standard procedure within the flux community, and provides insight into overall temporal trends in ecosystem physiology. Further insights beyond the turbulent gas exchange with the atmosphere can be gained only by auxiliary measurements at different organizational scales such as plants or soils, and by analyses of additional parameters and processes. An investigation of the ecosystem respiration of an Oregon ponderosa pine (Pinus ponderosa P. Laws and C. Laws.) forest showed that, although a variety of factors were involved, air and soil temperatures were the dominant drivers (Law et al. 1999a (Law et al. , 1999b . Seasonal fluctuations in below-canopy CO 2 fluxes were mainly driven by soil temperatures (r 2 = 0.61), reflecting the dominance of soil respiration contributions to total annual ecosystem respiration, except in July, when understory photosynthesis reduced below-canopy CO 2 fluxes (Law et al. 1999a (Law et al. , 1999b . Nutrient status was not a major driver for foliage respiration in this stand. Foliar nitrogen concentrations could explain only about 22% of the seasonal variation in foliage respiration (normalized to 10°C), whereas air temperatures explained 76% of the annual variability (Law et al. 1999b ). The importance of leaf development and senescence was stressed by Greco and Baldocchi (1996) . The seasonal course of net ecosystem CO 2 exchange closely followed leaf area development in a deciduous stand, and the ecosystem turned from a carbon sink into a carbon source after leaf fall.
A similar pattern was observed for net ecosystem water fluxes: significant evapotranspiration started with leaf expansion during spring, whereas net water (latent heat) fluxes decreased strongly as leaves senesced and abscised. Drought effects on net ecosystem water exchange could be related to low leaf water potentials and midday leaf stomatal closure, reflecting the dominant impact of vegetation on ecosystem fluxes compared to the soil compartment in this forest. Wilson et al. (2001a) concluded that leaf age effects were important for the seasonal pattern of foliage gas exchange and for net ecosystem CO 2 exchange for their mixed deciduous forest, and demonstrated that a biophysical model could not predict ecosystem fluxes correctly when leaf phenology was neglected. They advocated detailed studies on tree hydraulic characteristics at flux sites, to provide realistic constraints to model fluxes under drought conditions. Focusing on water limitations of net ecosystem exchange (NEE), Irvine et al. (2002) explained by ecophysiological measurements. Differences in leaf water potentials, which were higher in the old stand probably because of a greater rooting depth, and in transpiration rates per unit leaf area, which were lower in the older trees at higher LAIs, resulted in strongly differing seasonal patterns of assimilation versus respiration during a summer drought and support the hypothesis of hydraulic constraints on transpiration in older trees (Yoder et al. 1994 , Ryan et al. 2000 . Partitioning NEE into fluxes from individual compartments is a major objective of the flux research community. Different approaches are available including measurement of stable isotope ratios, use of an additional below-canopy eddy covariance system, or use of chamber measurements for the different compartments that are scaled up to the ecosystem. A belowcanopy eddy system still integrates over soil and understory vegetation compartments, whereas chamber techniques allow a clear separation between compartments.
Although 11 of the 196 forest eddy covariance studies reviewed here used both below-and above-canopy eddy system set-ups, only five of those 11 studies also included measurements of plant ecophysiological parameters. These additional measurements enabled Saugier et al. (1997) to formulate possible reasons why their boreal jack pine (Pinus banksiana Lambert) stand kept ecosystem water loss low. With the below-canopy eddy system, they were able to separate soil and lichen evaporation from canopy evapotranspiration. By using sap flow sensors, they were able to measure tree transpiration directly and to estimate canopy evaporation by difference and by using branch bags, they obtained information on stomatal behavior. Saugier et al. (1997) concluded that a low leaf area index (LAI around 2) resulted in high soil temperatures, drying of the lichen cover, and hence in low below-canopy evaporation (less than 30% of total ecosystem water loss). The low LAI combined with high sensitivity of needle stomata to vapor pressure deficits limited tree transpiration, resulting in the observed low water losses of this stand during the 1994 growing season.
A similar approach was taken by Wilson et al. (2001b) in a southeastern USA deciduous forest. Based on four techniques to estimate water fluxes (measurements of sap flow, eddy covariance, soil water and catchment water budgets), they found that sap flow estimates of transpiration were about half the estimated annual evapotranspiration, as measured with eddy covariance techniques. Assessing soil evaporation with a below-canopy eddy covariance system did not close the water budget at this site. Whether evaporation of canopy-intercepted water or scaling sap flow from single trees to the stand caused this discrepancy was not determined.
Studying net carbon exchange of a ponderosa pine forest in Oregon, Law and co-workers employed various chamber techniques to estimate soil, root, wood and foliage respiration separately, while also using below-and aboveground eddy covariance systems (Law et al. 1999a (Law et al. , 1999b (Law et al. , 2001b . They found that about 18% of annual ecosystem respiration originated from foliage, whereas about 6% was from wood and the remaining 76% from soil (Law et al. 1999b) , with root respiration accounting for about 53% of total soil CO 2 fluxes (Law et al. 2001b ). Because flux contributions by different compartments change with ecosystem type and age, combining these different approaches will help to constrain ecosystem models and increase our understanding of ecosystem processes.
Among the 24 reviewed studies, only a few attempted an independent validation of net ecosystem fluxes. Lavigne et al. (1997) found only a poor correlation for nighttime CO 2 fluxes (r 2 between 0.06 and 0.27) between the ecosystem respiration (determined by eddy covariance) and scaled soil, wood and foliage measurements (determined by chamber techniques). Ecosystem respiration was consistently lower than scaled chamber estimates (by about 27%, even under high turbulence conditions with friction velocity u* > 0.25 m s -1 ), resulting in an overestimate of total NEE for six boreal forest sites. Supporting results were obtained by Law et al. (1999b) for a ponderosa pine forest in Oregon, where scaled respiration measurements from soil, wood and foliage chambers were also higher than nighttime eddy flux measurements, independent of turbulence conditions. On the other hand, the total (day and night) ecosystem respiration estimate based on eddy covariance (988 g C m -2 year -1 ) for a French beech (Fagus sylvatica L.) forest agreed well with scaled chamber measurements of foliage, wood and soil respiration (974-1041 g C m -2 year -1 ), although use of different scaling rules resulted in a range of aboveground respiration estimates (311-378 g C m -2 year -1 ; Granier et al. 2000) . Similarly, Berbigier et al. (1996) reported good agreement between estimates of canopy evaporation by eddy covariance and sap flow at a daily scale (2.07 versus 2.16 mm day -1 , respectively), for a dry pine canopy in Portugal.
Scaling issues were the major emphasis of a study by Wallin et al. (2001) who determined if CO 2 gas exchange measurements in a spruce forest can be scaled from the shoot to the tree to the stand level, although agreement among the scales depends on turbulence above the canopy. When turbulence was high (friction velocity u* > 0.5 m s -1 ), shoot and ecosystem gross primary production were strongly related (r 2 = 0.94). However, including less windy conditions when coupling between the vegetation and the atmosphere was low, there was a weaker relationship (r 2 = 0.69). Thus, for determining a scaling factor, data should be restricted to times with high turbulence. All of these studies illustrate the need for more detailed studies on scaling routines and validation at flux sites, particularly for nighttime fluxes.
Another example of interdisciplinary research efforts on carbon and water fluxes, also focusing on validation across temporal and spatial scales, is the CarboEurope cluster (http:// www.bgc.mpg.de/public/carboeur), which currently consists of nine independent project networks (Forcast, CarboAge, GreenGrass, CarboEuroflux, CarboData, TCOS, Recab, Aerocarb and LBA CarbonSink; Figure 3 ). The cluster was designed to aid in understanding and quantification of chemical, physical and physiological processes contributing to the carbon balance of forest ecosystems at a wide range of spatial and temporal scales. The backbone of this cluster is an integrated approach, with validation and prediction among the various scales, and based on a wide variety of techniques, TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PLANT ECOPHYSIOLOGY AND GLOBAL CHANGE ranging from classical soil science and plant ecophysiological measurements, isotope analyses, flux measurements and aircraft campaigns to remote sensing applications and continental modeling. Integration is facilitated by joint field sites and measurement protocols. Most forest process level core sites (Forcast) are also equipped with flux towers (CarboEuroflux, CarboAge). Five of the 30 flux sites are used for regional aircraft campaigns (Recab), and seven of the 30 flux sites are part of forest chronosequences (Forcast, CarboAge).
One of the most prominent results so far has been the quantification of autotrophic respiration in a large ecophysiological experiment in northern Sweden (Högberg et al. 2001) . By girdling mature pine trees, Högberg and coworkers demonstrated that about 54% of total soil CO 2 losses originated from root respiration. Inhibiting carbon allocation to roots resulted in an almost complete loss of mycorrhizal fungi sporocarps. Thus, soil respiration, one of the key fluxes in net ecosystem CO 2 exchange, was mainly controlled by current photosynthesis. This supports the finding that ecosystem respiration across European forests is more strongly related to ecosystem gross primary productivity than to annual soil or air temperatures (Janssens et al. 2001) . Although many studies emphasize the dominant control of soil temperature or soil water content on soil respiration (e.g., Raich and Schlesinger 1991 , Lloyd and Taylor 1994 , Matteuci et al. 2000 , the girdling results indicate that ecophysiological processes, namely, carbon allocation below ground, are at least as important as abiotic factors in determining a major component NEE.
Basis for understanding forest responses to global change
In conclusion, plant ecophysiological processes largely determine NEE. Thus, plant ecophysiology should be an important component of studies on forest responses to global change. Although well known functional relationships from plant ecophysiology are routinely applied in micrometeorological studies (e.g., for gap-filling or modeling), we have recently gained detailed insights into NEE from selected ecosystems based on additional ecophysiological measurements. The initiative to include plant ecophysiology into net ecosystem flux studies often originates from the flux research community, when it "rediscovers" ecophysiological processes and seeks expert knowledge. We need to strengthen this link among disciplines because it will provide new information enabling us to answer questions posed by both the flux and plant ecophysiology research communities.
Although I have placed emphasis on understanding net carbon fluxes of forests growing under natural conditions, the rationale applies equally well for the other approaches mentioned in Figure 1 (see Walker and Steffen 1996, Luo and Mooney 1999) . Integrated interdisciplinary studies provide benefits that outweigh the extra costs and give information that otherwise would be unavailable. At flux sites, much could be gained if stand characteristics such as age, soil nutrient availability or site history were available, or ecophysiological parameters or processes were measured such as phenology, leaf area development of canopy and understory, annual wood increment, annual litterfall, mineral nutrition of dominant vegetation and gas exchange or sap flow of at least the dominant vegetation. These measurements would provide much of the information necessary to a full understanding of forest ecosystem responses to global change. Information on stand age, annual wood increment and site history would help to determine and validate past and current carbon budgets, whereas most other plant ecophysiological measurements would provide insights into ecosystem carbon and water flux partitioning, and the underlying mechanisms of those fluxes and their intra-and interannual variations. I conclude that the use of an integrative, interdisciplinary approach with measurements at multiple scales will greatly advance our understanding of ecosystem functioning. BUCHMANN TREE PHYSIOLOGY VOLUME 22, 2002 
